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作用来实现，与周环化反应的 Hückel 芳香性过渡态相类似，因而 Se2I42+和 S2O42-
芳香性称作类周环化反应过渡态芳香性。
2．具有类周环化反应过渡态芳香性的离子：4c-6e I42+、S6N42+、N2O2
对 I42+、S6N42+、N2O2进行理论研究，结果表明 I42+的两个 I2+、S6N42+的两个










理论研究表明船形 Te6 2+的底部两对 Te-Te 间相互作用为芳香性空间共轭相
互作用。由于船头和船尾两个价键饱和 Te 原子，分别与相互共轭的两对 Te-Te
原子相连，在一定程度上干扰两对中心 Te 原子的 4c-6e 共轭，因而 Te62+离子归
于 4c-6e 同芳香性体系。















根据折叠环 S4N4和 Se4N4 结构特点，用分子轨道进行定性分析，预测 S4N4
和 Se4N4可能具有双重同芳香性。分子上半部分和下半部分的两个亚单元 N-X-N
（X=S 或 Se）通过同共轭的相互作用形成两组 10π电子同芳香性，一组由上半
部分平行于纸面的 p 轨道相互重叠引起，另一组由下半部分垂直纸面的 p 轨道相
互重叠引起，这两组轨道相互正交，都对分子的芳香性有贡献。采用密度泛函
B3LYP 方法进行的 NICS 计算表明 S4N4和 Se4N4具有芳香性。由于计算得到的
S4N4 和 Se4N4 分子轨道并没有定性分析中的两组清晰正交的 pπ轨道，无法确定














簇体系 AuCn- (1≤n≤10) 和 C2Sn- (5≤n≤10)随着尺寸的增加，原子团簇的结构，及
稳定性和电子结构性质的变化。
7．掺杂碳团簇体系 AuCn- (1≤n≤10)的结构和性质研究
利用激光溅射 C/Au 粉末在自制飞行时间质谱上产生一系列 AuCn- (1≤n≤10)
团簇离子，其丰度具有明显奇偶效应，偶数 AuCn-的信号强度强于奇数 AuCn-。
采用密度泛函 B3LYP 并结合有效核势（ECP）方法对 AuCn-稳定性进行理论研究。















8、10、12 时，基态为 1A ，́其结构呈弯曲构型。应用 Mullican-Walsh model 解释
了偶数 AuCn-团簇从线性到弯曲构型的转变。奇数 AuCn-团簇的稳定性与




结构来看，偶数 AuCn-比奇数 AuCn-稳定是因为偶数 AuCn-具有闭壳层电子构型而
大部分奇数 AuCn-是开壳层结构。
8．C2Sn- (5≤n≤10)的结构和性质研究






















Aromatic through-space conjugation has been widely recognized and exploited
in organic compounds and ions, while it hasn’t been applied to explain the bondings
of inorganic compounds and ions. In the dissertation, we have shown, by means of
quantum chemistry, that a series of inorganic compounds and ions, whose structures
have been long-known and characterized, are aromatic due to through-space
conjugations. This is the first time that the aromatic through-space conjugation is
found in inorganic compounds and ions with known structures. The main points
obtained read as follows:
1. Pericyclic Tansition-state-like (PTS-like) aromaticity in Se2I42+ and S2O42-
Our theoretical calculations reveal that Se2I42+ and S2O42- are aromatic resulting
from 6c-10e through-space conjugation. Since no linkage exists between the two
conjugated V-shaped units, the aromaticity arising from the 6c-10e through-space
conjugation can be termed as PTS-like aromaticity, analogous to the aromatic
through-space conjugations disclosed previously for the Diels-Alder transition state.
2. PTS-like aromaticity in I42+, S6N42+ and N2O2
Our theoretical studies concerned I42+, S6N42+ and N2O2 reveal that there exists
aromatic through-space conjugation between the two I2+ units , the opposite S-S units
on the two trans-five-member ring and the two NO units. Between the two conjugated
units there is no saturated linkages, therefore, the aromaticity resulting from 6πe
conjugation also termed as PTS-like aromaticity with similarity to the first point.
3. Homoaromatic inorganic ions 6c-10e S82+、Se82+
Our calculations disclose that between the two transannular units of X2X3X4
and X6X7X8(X=S or Se) exists 10πe aromatic through-space conjugation with each
unit contributing 5πe. The saturated linkages of -S- or -Se- between two conjugated
units partially disturb the conjugation of two conjugated units，S82+ and Se82+ are still
aromatic , thus belong to homoaromatic system.















By our calculations, the 4c-6e through-space conjugation is revealed to induce a
diatropic (aromatic) ring current in the central Te4 (Te3-Te4… Te5-Te6) plane. Since
the central two pairs of Te atoms are connected by two apical Te atoms (Te1 and Te4)
that are not explicitly involved in the through-space conjugation, the boat-shaped
Te62+ is bishomoaromatic in nature.
5. Possibility of dual bishomoaromaticity in S4N4 and Se4N4
After carefully analyzing the electrons and atomic orbitals that are not involved in
the formation of the frameworks of X4N4 (X=S, Se) molecules, we propose that they
have dual bishomoaromaticity. Two separated N-X-N species within the top half of
the X4N4 molecule, each containing five-electrons, form a bishomoaromatic system
with totally ten-electrons that fulfills the (4n+2)e Hückel rule. Similarly, the bottom
half of the X4N4 molecule contains another ten-electrons bishomoaromatic system
Furthermore, the two fused bishomoaromatic systems are orthogonal and, hence,
should contribute synergetically to the overall aromaticity. However, the clear
picuture of two orthogonal orbital is not found in X4N4 (X=S, Se) real orbital, hence,
their contribution to the overall aromaticiy can’t be available, and the dual
bishomoaromaticity is a possibility.
6. Spherically aromatic inorganic ions: X64+（X=Te、Se、S）
In terms of molecular orbital and VB analysis, 6c-8e through-space conjugation
between two Te32+ units is 3-dimensional (3D) conforms to the 2(N+1)2 rule of
spherical aromaticity, thus, molecule is spherical aromaiticity in nature. The spherical
aromaticity of this tetracation is also manifested by the NICS value from calculation
and by grouping its MOs according to spherical harmonics. Similarly, two hypothetic
tetracations Se64+ and S64+ , the lighter homologues of Te64+, are also spherical
aromaticity.
We have presented new conceptual applications of aromatic through-space
conjugations that were well-established in organic chemistry to a lot of inorganic
systems that have through-space π*- π* bonding(s) between two weakly interacted
radical subunits. Of particular interest are the spherical aromatic through-space















Consequently, this study not only extends the aromatic through-space conjugation into
inorganic field but also expands the concept of aromatic through-space conjugation
itself.
7. Experimental and theoretical study on AuCn-(1≤n≤10) clusters
A series of AuCn- clusters were generated by laser vaporization on home-made
time-of-flight mass spectrometer and the abundance of AuCn- display odd-even
alternation with even-n clusters being relatively more abundant. The structure and
stability of AuCn- (n≤12) has been studied using B3lyp method with Lan2dz basis set
for Au atom and 6-31G(d) for C atom. For even-n AuCn- cluster, the geometrical
mutation from linear AuC2- to bent AuCn- (n=4,6,8,10,12) and the contrary geometries
between neutral and anionic even-n geometries are well interpreted using
Mullican–Walsh model. The structural change with carbon chain extends and the
comparison with CnH- clusters was also analyzed. The calculated incremental energy,
adiabatic electron affinity (AEA) and vertical detachment energy (VDE) show the
same odd-even pattern with n=even higher than n=odd, which is consistent with the
observed odd-even alternation of the TOF signal intensities. This parity effects are
attributed to electronic configuration of AuCn- that even-n ones have closed shell and
most of odd-n ones have not-fully-filled electronic shell.
8. Theoretical study on structures and properties of C2Sn-(5≤n≤10)
Systematic density functional calculation reveals that the ground geometries of
C2Sn-(5≤n≤10) clusters are classified into three type ring-like structures, respectively
with two separated carbon atoms in the ring or with two adjacent carbon atoms partly
or completely in the ring, corresponding to C2Sn-(5≤n≤8), C2S9- and C2S10-. The
stabilized factors that underlie these favorable structures are discovered, including the
























国际上，团簇研究兴起于 20 世纪 70 年代。1976 年在法国召开了第一界小
颗粒与无机团簇国际会议（ISSPIC）,现在，它已发展成为当今团簇和纳米科学
最主要的国际会议之一。20 世纪 80 年代，团簇研究有了突破性进展，其中代表
性工作有：1984 年 W. D. Knight 等用超声膨胀观察到碱金属团簇具有电子结构的
幻数特征；1985 年 H. W. Kroto和 R. E. Smalley 等在激光蒸发和脉冲分子束系统




































1825 年，Michael Faraday 分离和表征了苯[1]。这时，芳香性一词与某些具有
芳香气味的物质(如苯)相联系以区别一般的脂类化合物。随着对苯和其它芳香分
子的深入研究，人们相继地发现有关芳香性的特殊的物理和化学性质。1865 年,





电子规则[4]，指出芳香性是由于 4n+2 个 π电子占据了单环的共轭碳烯的全部成
键分子轨道，在分子平面形成了稳定的、封闭的 π电子离域。因此，在平面单环


























平面环体系,离域的σ电子数仍满足 Hückel 的 4n+2 规则。这个概念最早是由
Dewar 提出用来解释具有较大张力的环丙烷特殊稳定性[7a]。环丙烷的σ键离域如
Figure1.1 所示[7b]，指向中心的 sp2 杂化轨道（形成 3c-2e 离域键）与切向方向的
p 轨道相互作用使 6 个σ电子离域在整个环上，离域σ电子数满足 4n+2 电子规
则，具有σ芳香性。试验上也已经证明环丙烷确实有很大反磁磁化率和各向异性，
并且环外质子化学位移向高场移动 [8]。
Figure 1.1 Molecular orbitals(MOs) of cyclopropane. The predominant nature of the
final MOs, r to t, is indicated by r or t in circle (Ref. 7b).
2) σ和π双重芳香性指体系由于同时具有σ类型电子离域和π类型电子离域
而引起的双重芳香性。如果两者都是平面环形离域，那么离域一般发生在两个正
交空间，并且离域电子数都满足 4n＋2 电子规则。双重芳香性最早是由 Schleyer
提出[9]，以 C6H3+的 σ和 π双重芳香性为代表：垂直平面 p 轨道相互间发生重叠，
构成与苯类似的 6e 的大 π键，具有 π芳香性；在平面内，三个非相邻 C 原子的















Figure 1.2 The structure of C6H3
+ that possess σand πdual-aromaticity. The overlap
of σmolecular orbital exhibiting σ-aromaticity is shown; the overlap of πmolecular
orbital exhibiting π-aromaticity is similar to benzene and not shown (Ref. 10).








Figure 1.3 The topological geometry of C18H12 and aromatic rings indicated by
circles according to Clar sextet.
4) 球形芳香性[14]通常是指高对称性的三维笼状分子或球状分子当它的离域


















5) Möbius 芳香性[16]是 Heibronner 提出的[17]，一般是指 C2对称性的环当离
域的π电子数满足 4n 规则，分子轨道按 Möbius 带排列时，所具有的芳香性。轨
道按 Möbius 带排列时通常具有奇数个节点(Hückel 芳香性分子轨道有偶数个节
点)。例如一价环任四烯离子（C9H9+），有 8 个π电子，满足 4nπ电子数规则，
同时它的 Möbius 带构型决定它的分子轨道有奇数个节点，可以定性地被预测具
有 Möbius 芳香性，量化研究表明它确实具有 Möbius 芳香性[18]。它在试验过程
中很容易就形成，然而却被证明是寿命很短的中间物种[19]，易转化为更稳定的双
环物种，如 Figure1.4(a)所示[19,20,21]。迄今为止，世界上只报道了一例具有 Möbius
带构型(Möbius 带构型和 Möbius 芳香性二者概念不同)的稳定有机物(Möbius 型
16 轮烯衍生物)，其结构如 Figure 1.4(b)所示[22]，但是最近量化研究表明它并不
具有 Möbius 芳香性[23]。
Figure 1.4 The selected Möbius systems. (a) Möbius aromatic C9H9+ isomerize
readily to the more stable bicyclo[4,3,0]nonatrienyl cation (Ref.19) . (b) Möbius
stabilized [16] annulene in C2 symmetry (Ref.23).
6) 同芳香性概念[24]是Winstein提出用来描述化合物中正常 4n+2个π电子环
共轭由于一个或多个饱和链接的引入而被干扰，但仍可以通过轨道的空间共轭相

































Figure 1.5 Some homoaromatic systems.
7) 周环化反应过渡态的芳香性[27]最早由 Evans 等[28]提出，是指诸如一系列
周环化反应环状过渡态由于电子离域而使过渡态具有的芳香性。根据离域的π电
子数，过渡态芳香性可分为 Hückel 芳香性和 Möbius 芳香性。当离域的π电子数
满足 4n+2 规则时，过渡态具有Hückel芳香性，例如丁二烯与乙烯加成反应(Figure
1.6)；当离域π电子数满足 4n 规则时，过渡态具有 Möbius 芳香性，例如丁二烯
转化成环丁烯反应[29,30]。另外，根据周环化反应的过渡态芳香性类型来还可以判
断反应进行的动力学历程[31]。仍以丁二烯转化生成环丁烯反应为例，反应可以通







Figure 1.6 The typical reaction of pericyclic reaction of Diels-Alder reaction as well















Figure 1.7 Comparative diagram of the Hückel transion state and the Möbius
transition state the ring-opening of cyclobutene to butadiene, the arrows denote the











Figure 1.8 (a)The topological geometry of [Mo4S3]4- cluster (b) 3c-2e (d-p-d)πbondin















的 3c-2e (d-p-d)π键（如 Figure1.8(b) MoSMo 所示，S 原子提供一对孤对电子，






Bn团簇的分子轨道的揭示 B10、B11-、B12、B15团簇有芳香性而 B13-和 B14有反芳
香性。Figure1.9 给出了这些芳香性和反芳香性 B 团簇的π轨道。可以看到，这
些 B 原子团簇虽然是由三边形及四边形组成，但是π电子数仍然满足传统的平
面单环芳香性的 Hückel4n+2 电子规则和反芳香性的 4n 规则[34b]：芳香性的 B10、
B11-、B12有 6 个π电子，芳香性 B15-有 10 个π电子；反芳香性 B13-和 B14有 8 个








Li 等对 14、15、16 族的饱和无机环(AH2)n (A=Si, Ge)、(AH)n (A=N, P, As)
和 An (A=O, S, Se)的芳香性和反芳香性进行了研究[36]，发现它们随着环的大小变
化(n=3-6)环芳香性和反芳香性呈现出 Zig-Zag 的规律性（Figure1.10）：三元环和
五元环是芳香性的；四元环和六元环是反芳香性。这种规律性符合σ芳香性 4n+2
规则和σ反芳香性 4n 规则，因为三元环和五元环的σ电子分别是 6、10；而四
















Figure 1.9 Comparison of the occupied πmolecular orbital of benzene with those of
boron clusters. The πMOs are given for : a) Benzene; b) B10; c) B11-; d) B12; e) B13-; f)
B14-; g) B15- (Ref. 34b).
Figure 1.10 Correlation of (a)NICS(1) and (b)NICS(1)zz versus ring size. A negative
NICS value is associated with aromaticity and a positive NICS value is associated
with antiaromaticity (Ref. 36).
二．金属团簇σ芳香性
King[38]揭示稳定的金属羰基团簇 M3(CO)12(M=Fe, Ru, Os) [39]具有σ芳香性。
他用定性的分子轨道分析 M3(CO)12 的成键，解释说明这些金属羰基团簇中的 M3
三元环不是传统的三个 2c-2e 的 M-M 定域键组成，而是由指向三元环中心一个
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